Pulsed field gel electrophoresis and large DNA technology were used to construct a Not I restriction map of the entire genome of the fission yeast~s hizosaccharomyces poibe. There are 14 detectable Not I sites in S. pombe 972h : 9 sites on chromosome I and 5 sties on chromosome II, while no Not I sites were found on chromosome III. The 17 fragments (including intact chromosome III) generated by Not I digestion were resolved by PFG electrophoresis. These fragments ranged in size from 4.5 kb to approximately 3.5 Mb. Various strategies were applied in determining, efficiently, the order of the fragments on the chromosomes. The genomic size measured by adding all the fragments together is about 14 Mb and the sizes of the three chromosomes are I, 5.7 Mb, II, 4.6 to 4.7 Mb, and III, 3.5 Mb. These are generally somewhat smaller than estimated proviously.
INTRODUCTION
The fission yeast, Schizosaccharomyces pombe, is an ideal system to develop for studies of eukaryotic molecular biology (1 -5) . In a number of its characteristics S. pombe appears to be more similiar to the higher eukaryotes than is the budding yeast Saccharomyces cerevisiae (4) . An intron in a gene derived from a mammalian system (the gene encoding the SV40 small t antigen) is correctly spliced in S. poube (5) and the human gene CDC2HS has been screened by genetic complementation in S. pombe when transformed by a human cDNA library (2) . S. poube chromosomes have large centromeres (6) and condense during mitosis (7) . Cytoplasmic microtubules disappear prior to mitosis, followed by the formation of mitotic spindle (3) . Furthermore, it was even reported that S. poube chromosome III can replicate autonomously in mouse cells (1) .
A complete linked bacteriophage library of the bacterium Escherichia coli has been finished (10) . Similiar fine mapping projects are underway with the yeast Saccharomyces cerevisiae (4) and the nematode Caenorhabditis elegans (12) . These maps will provide immediate access to any segment of the genome that can be defined genetically. A complete macro-restriction map of the genome of E. coli (13) and some long-range restriction maps of specific regions of eukaryotic genomes (14) have been constructed using pulsed field gel electrophoresis (PFG) (15, 16) and other large DNA technologies (17) . These macro-maps are very useful tools to assist the construction of finer restriction maps and overlapping clone libraries. In addition, a macro-restriction map allows the detection and analysis of chromosomal DNA rearrangements and studies of chromosomal structure and function to be carried out at the entire genome level.
Recently the three chromosomes of S. pombe were resolved by PFG (9) . Here, we report the construction of a macro-restriction map of this organism as a starting point for studying the largescale organization of the S. pombe genome and the relationship between its chromosomal structure and function. A (19) . After centrifugation, the cell pellets were washed twice with 50 aM EDTA (pH 7.5) and finally resuspended in Zymo-buffer (20 aM citrate-phosphate buffer (pH 5.6), 50 EM EDTA (pH 5.6) , and 0.9 M sorbitol) containing 0.3 mg/ml Zymo-lyase-lOOT (Seikagaku Kogyo); and incubated at 37 C for 2 hr. The formation of spheroplasts was checked by looking at the change of cell shape under a phase-contact microscope. A 2 ml sample of apheroplasts was sixed with 2 ml 1% low gelling temperature agarose at 50 C, distributed into 100 1 molds and allowed to solidify on ice for about 15 min. The resulting inserts were incubated in ESP (0.5 N EDTA (pH 9-9.5), 1% Lauroyl Sarcosine and 1 mg/ml Proteinase K) for 2 days at 50 C with gentle shaking. Before restriction endonuclease digestion, DNA inserts, stored in ESP solution, were washed twice (16) (20, 23) .
Southern Blottinq
The DNA in the gel was nicked by exposure to 310 nm ultraviolet light, then denatured with 0.5 N NaOH and 0.5 M NaCl for 1 hr , neutralized with 0.5 X Tris-HCl, pH 7.5 and 1.5 N NaCl for 1 hr and transfered to nitrocellulose filters using 15X SSC solution (16) . Prehybridization and hybridization were carried out at the same condition (3X SSC, lOX Denhart's, 1% SDS, 100 Mg/ml denatured salmon sperm DNA, 68 C). Filters were washed subsequently with 3X SSC and 1% SDS; 1X SSC and 1% SDS; 0.3X SSC and 1% SDS. Each wash was carried out at 68 C for 20 min. All the S. pombe genomic DNA clones used as probes for hybridization experiments are summarized in Table 2 . Probes were radiolabeled by random oligonucleotide priming (21 Labeling of Not I Fragments by End-filling Two pg of S. pombe DNA was digested with 30 Units of Not I in a 100 Ml volume reaction containing 100 mM NaCl, 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM dithiothreitol, 4 Units Klenow polymerase (2 U/Mg DNA) and 50 MCi 32P-dGTP (25 MCi/Mg DNA) at 37 C for 6 hr and then treated with ESP solution as described above.
Two tenths Mg labeled DNA samples were loaded onto both PFG gels and ordinary gels. To detect the small fragments which may diffuse out of the agarose inserts during the digestion and labeling, liquid portion of the reactions was phenol extracted. The DNA was ethanol precipitated and loaded along with the samples in the inserts. Figure 1 . The Not I digest was selected for further analysis because its pattern was the simplest and the best resolved. Detailed analysis shows that S. pombe has 14 Figure 4 , once interpreted, yield bands of known size up to the full length of the chromosome (44) . Second, new Not I restriction sites were hybridization experiments (Table 2) . They all are unique in the genome except the teloxeric and centromeric probes. Figure 3 shows an example of typical results with the centromeric probe. Altogether, the available probes allowed the unequivocal identification of 13 of the 17 bands. They also identified, collectively, 5 bands which hybridized with the telozeric probe (A, C, I, L, M) and 3 bands which hybridized with the centromeric probe (A, B, X).
Partial digestion strategies were used for identification of fragments neighboring those already assigned (13 gies are necessary when a probe is not available that hybridizes to a particular fragment and are an efficient method for finishing maps and proving that particular fragments are actually adjacent. In order to see all the intermediates in a partial digestion panel, pilot experiments using different digestion times and different ratios of enzyme to DNA are necessary. An example of a successful and informative partial digest analysis is shown in Figure 4 . This gel assigned four Not I fragments covering more than 2,200 kb of chromosome I. The order of fragments from the telomere is L, 0, J, D.
Since S. pombe has three chromosomes, 3 and 6 fragments are expected, respectively, when PFG gels are probed with cross hybridizing centromeric and telomeric probes. Only 5 fragments, however, are found when probed with a teloseric sequence. This is due to the absence of Not I sites on chromosome III, resulting in only one intact chromosome band (see below). By subjecting purified individual chromosomes to Not I digestion, the same Figure 6 . Evidence that chromosome III contains no Not I sites.
A. An ethidium bromide stained gel. PFG electrophoresis was run at 3 V/cm for 120 hr using 3600 sec pulse times. Lanes probes can be used to assign the centromeric or telomeric bands of each chromosome unambiguously. First, the three chromosomes were separated by PFG electrophoresis, and agarose slices containing these were excised as described in Materials and Methods. Then the single chromosomes were digested in situ and loaded onto a second gel. The resulting pattern of fragments clearly demonstrates chromosome-specific bands as shown by the example in Figure 5. This approach was used to determine that telomeric fragments L and I are located on chromosome I, and fragment M is located on chromosome II. Partial digestion experiments were carried out to locate telomeric fragments to specific chromosome ends using nearby genes as probes. These results are consistent with Southern hybridizations using the three unfractionated chromosomes. The sizes of particular fragments from the digests of both PFG-purified single chromosomes and the original DNA inserts are the same, indicating that chromosomal DNAs remain intact dur- The results in Figure 5 show only a single ethidium stained band for S. pombe chromosome III. This suggests that there are no Not I sites on this chromosome. However, chromosome III is running in the compression region of the gel where all DNAs larger than 1 Mb comigrate. Longer pulse time PFG analyses were performed to confirm the absence of Not I sites on chromosome III ( Figure 6 ). In Figure 6A , both Not I and Sfi I digestions produce a fragment which appears to migrate as intact chromosome III. However, hybridization with three chromosome III specific probes reveals that Sfi I cleaves chromosome III while Not I leaves it uncut ( Figure 6B) . Hence (6, 9, 24) .
This restriction map is the first complete restriction map for any eukaryotic organism. Both high and low resolution restriction maps have been completed for E. coli (10, 13) which has a 4.7 Mb genome. The experiments described in the text show that a low resolution restriction map may easily be completed for an organism having a genome several times the size of E. coli. Thus, the approaches discussed here can be applied to a wide variety of organisms.
The analysis of large DNA molecules requires that their sizes be known. Lambda phage concatemers can only be used to size molecules up to about 1.2 Mb (23). The S. pombe chromosomes themselves can now serve as size standards for DNA molecules up to the size of chromosome I (5.7 Mb).
The existing Not I map will allow immediate access to any segment of the genome that can be defined genetically or biochemically. It can be used to indicate the occurence of large DNA rearrangements. We are currently constructing an Sfi I map of the S. poub genome. When coubined with Not I results, the physical map of this organism will be more detailed and more useful. Any particular region of interest in S. pombe can now be easily characterized by finer restriction mapping using indirect end labeling approaches from ends of Not I fragments. Probes for such experiments can be generated from linking clones (17) by using the half linking clone specific to the fragment.
The simplicity of the Not I map of S. pombe suggests that this organism would be an excellent host for the cloning and characterizing large mammalian DNA fragments, because it might be relatively easy to distinguish any additional DNA pieces from the normal S. poube genome. In fact, the recent demonstration that S. pombe chromosome III can replicate in mammalian cells (1) suggests this organism may be useful for developing a mammalian large DNA cloning shuttle system.
